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Abstract

Objective: This study investigated cerebral small vessel disease (CSVD) damage

patterns in early-onset and late-onset Alzheimer’s disease (EOAD and LOAD)

and their effects on cognitive function. Methods: This study included 93 partic-

ipants, 45 AD patients (14 EOAD and 31 LOAD), and 48 normal controls (13

YNC and 35 ONC) from the ADNI database. All participants had diffusion ten-

sor imaging data; some had amyloid PET and plasma p-tau181 data. The study

used peak width of skeletonized mean diffusivity (PSMD) to measure CSVD

severity and compared PSMD between patients and age-matched controls. The

effect of age on the relationship between PSMD and cognition was also exam-

ined. The study also repeated the analysis in amyloid-positive AD patients and

amyloid-negative controls in another independent database (31 EOAD and 38

LOAD), and the merged database. Results: EOAD and LOAD showed similar

cognitive function and disease severity. PSMD was validated as a reliable corre-

late of cognitive function. In the ADNI database, PSMD was significantly higher

for LOAD and showed a tendency to increase for EOAD; in the independent

and merged databases, PSMD was significantly higher for both LOAD and

EOAD. The impact of PSMD on cognitive function was notably greater in the

younger group (YNC and EOAD) than in the older group (ONC and LOAD),

as supported by the ADNI and merged databases. Interpretation: EOAD has

less CSVD burden than LOAD, but has a greater impact on cognition. Proactive

cerebrovascular prevention strategies may have potential clinical value for youn-

ger older adults with cognitive decline.

Introduction

Alzheimer’s disease is divided into early-onset (EOAD)

and late-onset (LOAD) based on an age cutoff of

65 years, with EOAD accounting for approximately 4–6%
of AD cases.1 The two subtypes differ not only in age but

also in clinical presentation, with EOAD often exhibiting

worse attention, executive function, and visuospatial abil-

ity compared to LOAD.2 These clinical features could

result in misdiagnosis, an average delay in diagnosis of

about 1.6 years, and shorter survival than LOAD.3–5

White matter involvement in EOAD is greater in poste-

rior cingulate and parietal regions and major anterior–

posterior pathways than in LOAD, with less involvement

in mesial temporal tracts.6 Although both subtypes share

the same AD pathological hallmarks, EOAD has a more

widespread distribution of amyloid plaques and neurofi-

brillary tangles, particularly in the frontoparietal cortex.7,8

Numerous studies have shown that AD pathology and

cerebral small vessel disease (CSVD) frequently coexist.9,10

Post-mortem studies have indicated that AD patients gen-

erally have higher cerebral vascular pathology degrees

than normally aging healthy individuals.11 With the devel-

opment of imaging techniques, it has become well-

established that CSVD contributes to cognitive decline

and modifies the progression to AD.12–14 However, it
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remains unclear whether EOAD and LOAD exhibit differ-

ent CSVD damage patterns and whether CSVD has dis-

tinct cognitive impacts on these two dementia subtypes.

In vivo, limitations in detecting small vessels of the brain

hinder such explorations. Conventionally, we have evalu-

ated CSVD through parenchymal alterations visible on

MRI, leading to the identification of four main MRI fea-

tures as CSVD markers, including white matter hyperin-

tensities (WMHs), enlarged perivascular spaces (ePVS),

microbleeds (MBs), and lacunes.15 However, these con-

ventional CSVD markers have limitations and may not

have sufficient sensitivity for detecting mild vascular dam-

age. For instance, previous studies have reported alter-

ations in white matter microstructural integrity in regions

that appear normal on MRI in AD patients.

Recent studies have proposed a robust and fully auto-

mated imaging marker for CSVD called the peak width of

skeletonized mean diffusivity (PSMD). The skeletal map of

mean diffusion (MD) eliminates cerebrospinal fluid con-

tamination, and the histogram-based approach enhances

the ability to capture subtle diffuse disease features.16

PSMD has been applied in patients with CSVD, AD, and

the normal aging population, demonstrating its potential

as a more reliable CSVD marker than conventional

markers.16–18 In addition, PSMD is superior to other con-

ventional CSVD measures in associations with clinical

symptoms and predicting cognitive performance.19,20

This study aimed to compare the CSVD between EOAD

and LOAD subtypes based on PSMD, and analyze the

effects of CSVD on cognition in young-and-old groups. We

hypothesized that both EOAD and LOAD subtypes have a

more severe burden of CSVD compared to their respective

controls and that CSVD has a more significant impact on

cognitive function in EOAD than in LOAD.

Materials and Methods

Participants

Participants in this study underwent MRI and neuropsy-

chological evaluations, as well as amyloid PET and p-

tau181 plasma assessments for some. General cognitive

ability and dementia severity were measured using the

Mental State Examination (MMSE) and Clinical Demen-

tia Rating Scale Sum of Boxes (CDR-SB). Cognitive func-

tion was assessed in different domains using composite

scores (UW-Neuropsych Summary Scores) for memory

and executive functions, and clock-drawing test (CDT)

and semantic verbal fluency (SVF) for visuospatial and

language functions, respectively.

Neurologists made diagnosis of AD from multiple sites

based on the ADNI research protocol. AD patients were

categorized into early-onset (<65 years) and late-onset

(≥65 years) groups and healthy older adults were divided

into young (YNC) and older (ONC) groups based on age,

with YNC and ONC groups matched to the corresponding

patient groups in terms of age, education, and sex.4,8

We defined YNC and ONC as individuals with a CDR

score of 0, an MMSE score between 24 and 30 (inclusive), a

score of 9 or more on the Wechsler Memory Scale logical

memory (WMS-LM) delayed recall test with at least

16 years of education, a score of 5 or more on the WMS-

LM delayed recall test with 8–15 years of education, or a

score of 3 or more on the WMS-LM delayed recall test with

seven or fewer years of education, and no clinical depres-

sion (Geriatric Depression Scale score <6) or dementia.

Participants with significant neurological, psychiatric, and

medical disorders, a history of severe traumatic brain

injury, non-AD-related medications that may affect brain

function and drug or alcohol abuse were excluded. Ulti-

mately, we identified 14 EOAD, 31 LOAD, 13 YNC, and 35

ONC. Another independent dataset from the Zhejiang Uni-

versity (ZJU dataset) included 31 EOAD, 38 LOAD, 22

YNCs, and 22 ONCs (Supplementary Material 1).

MRI acquisition

Each participant underwent a 3 T MRI scanner. Specific

acquisition information includes: (1) The T1-weighted

structural imaging sequence used an IRSPGR protocol with

parameters TR = 6.96 ms, TE = 2.8 ms, TI = 400 ms,

FOV = 256 9 256, voxel size = 1.02 mm 9 1.02 mm 9

1.2 mm, and a flip angle of 11°. (2) DWI data were

acquired using an echo planar imaging sequence with 41

directions, 59 sections, an acquisition matrix of 256 9 256,

and a voxel size of 1.4 mm 9 1.4 mm 9 2.7 mm. The

protocol included 41 dispersion-weighted images (b =
1000 s/mm2) and five non-dispersion-weighted images

(b = 0 s/mm2) with a flip angle of 90°. The TR varied from

12,500 ms to 13,000 ms across 14 ADNI sites. (3) Axial

T2*-weighted MRI scans were acquired using a gradient

echo sequence with parameters TR = 650 ms, TE = 20 ms,

Flip angle = 20°, and 50 slices with a slice thickness of

4.0 mm. (4) T2 FLAIR scans were acquired using an echo-

planar imaging sequence with parameters TR = 9000 ms,

TE = 90 ms, and TI = 2500 ms. MRI acquisition details

for the ZJU dataset can be found in Supplementary

Material 1.

Amyloid PET

We downloaded the UC BERKELEY-AV45 file using pre-

defined regions of interest (ROI), including frontal, ante-

rior/posterior cingulate, lateral parietal, and lateral

temporal regions. Standardized uptake value ratios

(SUVRs) were calculated using the whole cerebellar as the
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reference region 21. Of note, 11 out of 13 YNC, 12 out of

14 EOAD, 33 out of 35 ONC, and 28 out of 31 LOAD

had amyloid SUVR data available, and participants were

classified as either amyloid-positive or amyloid-negative

based on a previously reported composite amyloid SUVR

cutoff of 1.11.21,22 We identified 10 A- YNC, 11 A+
EOAD, 25 A- ONC, and 26 A+ LOAD (Supplementary

Material 2). Amyloid PET data were not available for par-

ticipants in the ZJU dataset.

Plasma p-tau181

We obtained plasma p-tau181 data from the ADNI using

the single-molecule array (Simoa) technique developed in

Gothenburg, Sweden.23,24 11 of 13 YNC, 12 of 14 EOAD,

33 of 35 ONC, and 27 of 31 LOAD had p-tau181 data

available. The ZJU dataset did not have plasma p-tau181
data.

Image processing and analysis

Peak width of skeletonized mean diffusivity
analysis

Diffusion-weighted image preprocessing was done with

the eddy correct software from ‘FDT,’ FMRIB’s Diffusion

Toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT).25 The

PSMD is a fully automatically computed imaging marker

publicly available (http://psmd-marker.com). Processes

include tensor fitting, skeletonizing the DTI data, apply-

ing a custom mask, and computing a histogram analy-

sis.16 The computation is divided into three main steps:

(1) white matter tract skeletonization using tract-based

statistics (TBSS) and the FMRIB 1 mm fractional anisot-

ropy (FA) template thresholded at an FA value of 0.2

(tract-based spatial statistics: voxel-wise analysis of multi-

subject diffusion data). Mean diffusivity (MD) images

were projected onto the skeleton employing the FA-

derived projection parameters. To avoid contamination of

the skeleton through CSF partial volume effects, MD skel-

etons were masked with a standard skeleton thresholded

at an FA value of 0.3. (2) excluding CSF-prone regions

employing a custom mask. Brain structures adjacent to

the ventricles, such as the fornix, were removed. (3) creat-

ing a histogram based on the MD values of voxels within

the skeleton. The PSMD measure refers to the difference

between the 5th and 95th percentiles of the histogram

distribution.

To investigate whether there was a regional susceptibil-

ity of PSMD in EOAD and LOAD, additional analyses for

regional PSMDs were evaluated.17 Lobar atlas in the

Mayo Clinic Adult Lifespan Template (MCALT) extracts

regional PSMDs (frontal, temporal, parietal, and occipital,

https://www.nitrc.org/projects/mcalt/, Fig. 1, flowchart).26

Considering the potential impact of different diffusion

directions on the PSMD values, we separately analyzed

the PSMD data from ADNI and ZJU. Also, after the z-

transformation of the PSMD of the two independent

Figure 1. Peak width of skeletonized mean diffusivity (PSMD)

calculation involves skeletonization and histogram analysis. Individual

fractional anisotropy (FA) images were normalized to standard space

(A) and projected onto a skeleton template (B). The transformation

and skeleton projection parameters were then applied to mean

diffusivity (MD) images. Examples of MD maps from normal control

and Alzheimer’s disease patient (top and bottom) are projected onto

the standard skeleton. PSMD was calculated as the difference

between the 95th and 5th percentiles (C). The PSMD of AD patients

was found to be higher than that of the control group.
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databases separately, the combined analysis results can be

found in Supplementary Material 3.

Conventional CSVD markers evaluation

Two blinded experienced neuroradiologists rated the

severity of CSVD using T1-weighted structural data to

assess enlarged perivascular spaces (ePVS), defined as

hypointense signal lesions on T1 of round, ovoid, or lin-

ear shape with a maximum diameter <3 mm, having

smooth delineated contours.27 Lacune was defined as

CSF-like hypointensity with a surrounding rim of hyper-

intensities in T2 FLAIR, between 3 and 15 mm. MBs were

defined as areas of signal void on T2*-weighted MRI. The

number of lacune and MBs was recorded. The CSVD

total score, a composite score ranging from 0 to 4 reflect-

ing the overall severity of CSVD, was also evaluated.28

WMH volume calculation

FLAIR images were used to segment WMH lesions using an

automatic segmentation tool called Lesion Segmentation

Tool based on SPM 12.29 The automatically created WMH

label images were then manually corrected to remove falsely

classified scalp and tissue as WMH and WMH classified as

normal white matter. WMH volumes were extracted and

log-transformed due to their positively skewed distribution.

This analysis was only performed in the ADNI dataset

because FLAIR data were unavailable in the ZJU database.

Hippocampus (HV) and total intracranial volume
(TIV)

HV data were obtained from ADNI using FreeSurfer

(Version 6.0) to segment MRI scans, with quality checks

performed to ensure accuracy. The HV was averaged

across hemispheres. Brain volume was calculated and used

as a correction index for HV, and WMH volume TIV was

calculated using CAT 12 based on T1-weighted images

(https://neuro-jena.github.io/cat/). Despite the residual

method being shown to provide a greater reduction in

physiological between-subject variability compared to the

proportional method, we used the proportional method

for brain volume correction due to the complexity of the

participants in this study (patients and controls, multi-

center, two databases).30 TIV-corrected HV (tHV) and

TIV-corrected log-transformed WMH (lgtWMH) were

used in subsequent analyses.

Statistical analysis

Statistical analysis was performed using SPSS (Version

26). Raw MMSE scores were converted to zMMSE scores

adjusted for age, sex, and education. ANOVA was used to

analyze continuous data, including cognition, PSMD,

conventional CSVD markers, amyloid SUVR, plasma p-

tau 181, and tHV, followed by post hoc t-tests between

AD patients and controls (p < 0.05). Categorical sex and

vascular risk factors were analyzed using chi-square inde-

pendent tests. To validate the PSMD results, we compared

amyloid-positive AD patients with negative amyloid con-

trols. We also repeated the analysis in the independent

ZJU dataset and combined data from ADNI and ZJU to

increase the sample size.

Explore the factors contributing to PSMD

To compare the strength of the cognition correlations

between PSMD and conventional CSVD markers, we first

constructed a partial correlation analysis to correct for

the effects of age, sex, and education. We also conducted

linear regression with PSMD as the dependent variable,

and independent variables included age, sex, education,

conventional CSVD markers (lgtWMH, ePVS-BG, ePVS-

CC, number of lacunes and MBs), amyloid SUVR, plasma

p-tau181, and tHV. The analysis was performed separately

in young and old groups to explore age-related differences

in the mechanism of PSMD abnormalities. We checked

for multicollinearity in the linear model (Supplementary

Material 4).

Explore the age effects on the relationship
between PSMD and cognitions

In this exploratory study, we aimed to investigate the

differences in the impact of PSMD on cognition

between young (consisting of YNC + EOAD) and older

groups (consisting of ONC + LOAD). A stepwise linear

regression model was used with cognition as the depen-

dent variable and age, sex, education, PSMD, amyloid

SUVR, plasma p-tau181, and tHV as independent vari-

ables. We also analyzed the effect of lobar PSMD on

cognitive function. Multicollinearity was analyzed for the

linear model (Supplementary Material 4). We used the

PROCESS macro to explore the impact of age on the

association between PSMD and cognition. We included

age, sex, education, amyloid SUVR, plasma p-tau181,

and tHV as covariates, with PSMD as the independent

variable and age group (young versus old) as the mod-

erator variable.

We repeated the same analyses in three more data-

sets: a group consisting of A+ AD patients and A- con-

trols (Supplementary Material 2), the ZJU database

(Supplementary Material 1), and a merged database

consisting of ADNI and ZJU data (Supplementary

Material 3).
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Results

Demographics

Sex and education were not significantly different among

YNC, EOAD, ONC, and LOAD in both ADNI and ZJU

databases. Additionally, there were no significant differ-

ences in cognition (zMMSE) and disease severity (CDR-

SB) between EOAD and YNC, as well as LOAD and

ONC. Notably, AD patients from the ADNI dataset gen-

erally had milder disease severity, better cognition, and

higher education than those in the ZJU dataset. Similar

results were obtained in the biologically defined partici-

pants from ADNI (see Supplementary Material 2). Demo-

graphic details of the ZJU and the merged database data

of ADNI+ZJU can be seen in Supplementary Materials 1

and 3.

AD pathologies

We observed that amyloid PET SUVR and plasma P-

tau181 levels increased in EOAD and LOAD groups,

respectively, without significant differences between

EOAD and LOAD (Table 1). The LOAD group showed

smaller tHV than ONC, while no significant tHV differ-

ence existed between EOAD and YNC. These findings

remained unchanged in the biologically defined partici-

pants from ADNI (Table S2). The ZJU and merged data-

bases lacked data on amyloid PET and p-tau181.

Furthermore, tHV was significantly decreased in EOAD

and LOAD compared to their counterparts in the ZJU

and merged databases (refer to Tables S1 and S3).

Conventional CSVD

According to ANOVA analysis, significant intergroup dif-

ferences were observed only in lgtWMH and ePVS-BG.

However, post-hoc t-tests indicated no difference in

lgtWMH between EOAD and YNC, while LOAD had

more lgtWMH than ONC. No significant difference in

ePVS-BG was found between EOAD and LOAD and their

respective control groups. The four groups did not differ

significantly in lacune, MBs, ePVS-CC, and total CSVD

scores (Table 2). In the biologically defined participants

from ADNI, most results remained unchanged, except that

EOAD and LOAD had more lgtWMH than their respec-

tive controls (Table S2). Only ADNI data were analyzed

for FLAIR data due to their absence in the ZJU database.

Table 1. Epidemiological, cognitive assessment, and AD pathologies in patients and controls.

Demographics YNC n = 13 EOAD n = 14 ONC n = 35 LOAD n = 31 F/v2 p-value

Age, year 63.2 (1.5) 61.8 (2.4) 74.5 (4.4) 76.4 (5.6) 56.6 <0.001

Education, year 17.3 (2.1) 16.0 (2.5) 16.2 (3.7) 15.5 (3.1) 1.0 0.387

Female/male 6/7 10/4 22/13 11/20 7.3 0.062

VRF, No. (%) 5 (11.4) 10 (83.3) 11 (33.3) 18 (66.7) 11.8 0.008ab

Smoking

Hypertension 4 (30.8) 4 (28.6) 3 (8.6) 9 (29.0) 5.6 0.134

Hypercholesterolemia 5 (38.5) 3 (21.4) 19 (54.3) 16 (51.6) 5.1 0.168

Diabetes 5 (38.5) 8 (57.1) 17 (48.6) 15 (48.4) 0.9 0.815

CDR-SB 3 (23.1) 2 (14.3) 3 (8.6) 5 (16.1) 1.9 0.601

Cognition 0.0 (0.1) 4.1 (1.9) 0.1 (0.2) 4.6 (1.6) 107.5 <0.001ab

MMSE 29.1 (0.8) 24.4 (4.2) 29.2 (1.0) 23.2 (1.9) 58.9 <0.001ab

Memory sum 1.4 (0.6) �0.2 (0.9) 1.0 (0.4) �0.9 (0.5) 69.9 <0.001ab

Executive sum 1.0 (1.0) �0.4 (1.1) 0.7 (0.7) �0.8 (0.9) 20.5 <0.001ab

CDT 4.7 (0.5) 3.9 (1.5) 4.7 (0.6) 3.7 (1.3) 6.6 <0.001ab

SVF 19.4 (5.7) 16.3 (6.6) 20.4 (4.8) 12.2 (5.0) 14.3 <0.001b

NPI-Q 0.3 (0.5) 2.8 (4.2) 0.5 (1.0) 4.1 (3.7) 10.5 <0.001b

AD pathologies <0.001ab

Amyloid SUVR 1.1 (0.2) 1.4 (0.2) 1.1 (0.1) 1.4 (0.2) 21.3 <0.001ab

p-tau181 (pg/mL) 12.3 (4.8) 22.6 (4.9) 12.6 (5.2) 22.9 (11.0) 12.7 <0.001ab

tHV 2.8 (0.2) 2.6 (0.5) 2.6 (0.3) 2.0 (0.3) 33.4 <0.001ab

The a and b represent the significant difference between YNC and EOAD as well as ONC and LOAD (p < 0.05), respectively.

CDR-SB, clinical dementia rating sum score of box; CDT, clock drawing test; EOAD, early-onset Alzheimer’s disease; GDS, Geriatric Depression

Scale; LOAD, late-onset Alzheimer’s disease; MMSE, mini-mental state examination; NPI-Q, Neuropsychiatric Inventory Questionnaire; ONC, old

normal controls; SUVR, standardized uptake value ratio; SVF, semantic verbal fluency; tHV, hippocampus volume corrected by total intracranial

volume; YNC, young normal controls.
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PSMD

LOAD had higher PSMD values than ONC, but no signif-

icant difference was observed between EOAD and YNC.

The results were largely similar in the biologically defined

participants from ADNI, except for a trend towards

increased PSMD in EOAD compared to YNC (p = 0.07,

see Supplementary Material 2). In the ZJU dataset, EOAD

and LOAD had significantly higher PSMD values than

their respective controls (YNC and ONC). This was also

observed in the merged dataset, where EOAD and LOAD

had significantly higher PSMD values than YNC and

ONC (p < 0.05). Table 2, Figure 2, and Supplementary

Material 1 provide additional details.

Regarding the lobar level, LOAD had higher PSMD

than ONC in all lobes, while no significant difference in

PSMD was observed in any lobe between EOAD and

YNC. Most of the results for biologically defined partici-

pants from ADNI remained unchanged, except for EOAD

having significantly increased parietal PSMD compared to

YNC (p = 0.05). In the ZJU database, EOAD and LOAD

had higher PSMD in all lobes than YNC and ONC

(Table 2). In the merged dataset, EOAD and LOAD had

significantly higher PSMD than YNC and ONC in all

lobes (p < 0.05, Table S3).

Correlations between PSMD, AD
pathologies, and cognition

We found significant differences only in PSMD and

lgtWMH among the CSVD markers between AD patients

and controls. Therefore, we conducted partial correlation

analyses to compare the correlations of PSMD and

lgtWMH with cognition. We found that both PSMD and

Table 2. Lobar PSMD and conventional

CSVD markers in AD patients and

controls.

YNC EOAD ONC LOAD F/v2 p-value

PSMD 2.5 (0.3) 2.7 (0.4) 3.0 (0.6) 3.6 (0.7) 15.3 <0.001b

Frontal PSMD 2.1 (0.4) 2.4 (0.5) 2.7 (0.6) 3.2 (0.7) 13.8 <0.001b

Parietal PSMD 2.4 (0.2) 2.7 (0.6) 2.9 (0.5) 3.7 (1.0) 14.4 <0.001b

Occipital PSMD 2.6 (0.7) 2.9 (1.4) 2.9 (0.6) 3.5 (0.8) 3.8 0.012b

Temporal PSMD 2.5 (0.3) 2.5 (0.5) 2.6 (0.4) 3.2 (0.6) 10.1 <0.001b

PSMD1 2.5 (0.3) 2.8 (4.2) 3.0 (0.4) 3.7 (0.7) 15.2 <0.001b

Frontal PSMD1 2.2 (0.4) 2.4 (0.5) 2.7 (0.5) 3.3 (0.7) 11.4 <0.001b

Parietal PSMD1 2.3 (0.3) 2.8 (0.6) 2.8 (0.5) 3.8 (1.0) 13.2 <0001ab

Occipital

PSMD1

2.5 (0.5) 3.1 (1.5) 2.9 (0.6) 3.6 (0.9) 4.3 0.008b

Temporal

PSMD1

2.5 (0.3) 2.6 (0.5) 2.6 (0.4) 3.2 (0.7) 8.2 <0.001b

PSMD ZJU 2.6 (0.3) 3.0 (0.4) 3.0 (0.4) 3.4 (0.6) 32.7 <0.001ab

Frontal PSMD 2.2 (0.2) 2.6 (0.6) 2.6 (0.3) 2.9 (0.6) 21.8 <0.001ab

Parietal PSMD 2.6 (0.4) 3.2 (0.8) 3.2 (0.7) 3.6 (0.9) 25.2 <0.001ab

Occipital PSMD 2.9 (0.5) 3.6 (1.0) 3.5 (0.6) 4.0 (0.9) 16.3 <0.001ab

Temporal PSMD 2.6 (0.3) 2.8 (0.4) 2.9 (0.4) 3.2 (0.6) 21.6 <0.001ab

Conventional

CSVD

lgtWMH 0.1 (0.6) 0.3 (0.6) 0.5 (0.4) 0.8 (0.5) 7.9 <0001b

ePVS-BG 2.1 (0.6) 2.2 (0.6) 2.4 (0.6) 2.7 (0.7) 3.0 0.036

ePVS-CC 2.0 (0.6) 2.1 (0.5) 2.2 (0.6) 2.5 (0.7) 2.0 0.122

Lacune (n) 0.1 (0.3) 0.1 (0.3) 0.3 (0.8) 0.1 (0.3) 1.0 0.392

MBs (n) 0 (0) 0.1 (0.3) 0.1 (0.3) 0 (0) 1.3 0.291

CSVD total

score

0.3 (0.6) 0.6 (0.7) 0.8 (0.9) 1.0 (0.8) 2.4 0.069

TIV 1443.6

(117.3)

1376.7

(131.5)

1415.4

(115.1)

1438.2

(163.7)

0.8 0.496

The a and b represent the significant difference between YNC and EOAD, as well as ONC and LOAD

(p < 0.05), respectively.

CSVD, cerebral small vessel disease; EOAD, early-onset Alzheimer’s disease; ePVS-CC and ePVS-BG,

enlarged perivascular spaces in the centrum semiovale and basal ganglia; lgtWMH, log-transformed

white matter hyperintensities corrected by TIV; LOAD, late-onset Alzheimer’s disease; MBs, micro-

bleeds; ONC, old normal controls; PSMD, peak width of skeletonized mean diffusivity; TIV, total

intracranial volume; YNC, young normal controls.
1 PSMD represents analyses only in amyloid-positive AD patients and amyloid-negative controls.

PSMD ZJU represents analyses in the ZJU database.
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lgtWMH were significantly correlated with zMMSE

(r = �0.43 and � 0.37, respectively, p < 0.001) and

CDR-SB (r = 0.39 and 0.32, respectively, p < 0.001) in all

participants. PSMD had better clinical relevance than

lgtWMH in most cognitive domains, except for visuospa-

tial function (Supplementary Material 5).

Explore the contributing factors of PSMD

We conducted linear regression to explore the mecha-

nisms underlying the increase in PSMD. The results

revealed that, in all participants, PSMD was attributed to

lgtWMH (b = 0.42), tHV (b = �0.24), and ePVS-BG

(b = 0.20). In the young groups (YNC and EOAD),

WMH burden (b = 0.56) was the only factor contributing

to PSMD. In the old groups (ONC and LOAD), WMH

burden (b = 0.49), amyloid SUVR (b = 0.24), and PVS-

BG (b = 0.22) contributed to PSMD (see Supplementary

Material 6 for details).

Relationship between PSMD and cognitions

Based on a linear regression model, we found that in the

younger groups (YNC and EOAD), PSMD (b = �0.35),

tHV (b = 0.43), and plasma p-tau181 (b = �0.35) were

independent predictors of zMMSE. In the older group,

tHV (b = 0.37) and amyloid SUVR (b = �0.43) were

found to be independent predictors of zMMSE. More-

over, when we divided PSMD by lobe, we found that in

the younger groups, tHV (b = 0.50), frontal PSMD

(b = �0.36), and plasma p-tau181 (b = �0.36) were inde-

pendent predictors of zMMSE. In the older groups, amy-

loid SUVR (b = �0.47) and temporal PSMD (b = �0.40)

were found to be independent predictors of zMMSE.

Based on PROCESS macro, we further investigated

the role of young-versus-old in the relationship between

PSMD and cognitions. Our main results were: (1) In

the ADNI database, for both the whole participants and

pathologically defined participants, we found significant

moderating effects of age group (young-versus-old) on

the relationship between PSMD and MMSE (p = 0.02

and 0.04, respectively). (2) In the ZJU database, we did

not find significant moderating effects of age on the

relationship between PSMD and MMSE (p = 0.14). (3)

After merging the databases, we discovered significant

moderating effects of age on the correlation between

PSMD and MMSE (p < 0.005), as illustrated in

Figure 3.

Figure 2. Displays the PSMD values for YNC, EOAD, ONC, and LOAD. Group comparisons were conducted between EOAD and LOAD and their

respective controls, with statistical significance denoted by *p < 0.05, **p < 0.01, **p < 0.001. The # symbol represents an increasing trend of

PSMD (EOAD > YNC, p = 0.07). PSMD* and PSMD ZJU refer to the subgroup analysis based on the biological definition of AD and the ZJU

database, respectively. EOAD, early-onset Alzheimer’s disease; LOAD, late-onset Alzheimer’s disease; PSMD, peak width of skeletonized mean

diffusivity; YNC and ONC, young and old normal controls.
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The relationship between PSMD and cognitive function

at the lobar level could be further viewed in Supplementary

Material 7. The results of the multicollinearity analysis sug-

gested that the variance inflation factor (VIF) would be

greater than 5 when placing multiple brain lobe PSMDs

into the same linear model (Supplementary Material 4).

Discussion

This study examined the impact of cerebral small vessel

disease (CSVD) damage patterns on cognitive function in

early-onset and late-onset Alzheimer’s disease (EOAD and

LOAD). The study found that PSMD was associated with

cognitive function. In the ADNI database, LOAD had a

significantly higher PSMD value, and EOAD tended

increased PSMD. EOAD and LOAD had significantly

higher PSMD values in ZJU and combined databases. The

study also found that PSMD had a greater cognitive

impact on the younger group (YNC and EOAD) than the

older group (ONC and LOAD). The findings of this study

imply that implementing preventative cerebrovascular

strategies for cognitive decline in younger elderly popula-

tions holds promise for clinical benefit.

We found that PSMD, CSVD total score, WMH, and

ePVS-BG were correlated with cognitive function, with

PSMD showing the strongest correlation in most cogni-

tive domains except visuospatial function. These results

were in line with previous studies that have demonstrated

weak associations between conventional CSVD markers

and cognitive impairment.17,19,20 CSVD can cause brain

tissue damage beyond what can be detected by visual

analysis alone. DTI can measure microstructural integrity

that is not visible in conventional clinical scans, which

may explain the more substantial clinical relevance of

PSMD compared to conventional CSVD markers (except

visuospatial function).16 Although the total CSVD score

can provide a complete estimate of the full CSVD impact

on the brain, our sample showed a weak correlation

between CSVD total score and cognition, consistent with

previous studies that found weak associations between

conventional CSVD markers and cognitive impairment.28

This could be attributed to the high frequency of negative

findings for markers such as MBs and lacunes and the

limited size of our study.

The study found that LOAD had higher PSMD than

ONC, while EOAD only showed a trend toward increased

Figure 3. Moderating effect of age on the relationship between peak width of skeletonized mean diffusivity (PSMD) and cognitions. In the ADNI

database, for both the whole participants (A) and pathologically defined participants (B), we found significant moderating effects of age group

(young-versus-old) on the relationship between PSMD and Mini-Mental State Examination (MMSE) (p = 0.02 and 0.04, respectively). In the ZJU

database (C), we did not find significant moderating effects of age on the relationship between PSMD and MMSE (p = 0.14). In the merged

database (D), we found significant moderating effects of age on the relationship between PSMD and MMSE (p < 0.005).

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1333

X. Luo et al. Cerebral Small Vessel Disease in AD Subtypes



PSMD compared to YNC. In the biologically diagnosed

AD subgroup, EOAD showed a trend of increased PSMD.

In ZJU and the merged database, LOAD and EOAD had

higher PSMD than their counterparts, consistent with

previous studies showing more severe CSVD in AD

patients than controls.10,16,31 CSVD is a common age-

related phenomenon aggravated by vascular risk factors

like hypertension and hyperlipidemia32; Thus, the more

pronounced CSVD severity in LOAD compared to EOAD

could be partially attributed to this. We hypothesized that

CSVD might not be severe in early EOAD stages but

worsen as the disease progresses. The ZJU database results

supported our hypothesis, with EOAD patients having

higher PSMD than YNC and worse general cognition

than ADNI patients (measured by MMSE: 20.6 � 3.6 vs.

24.4 � 4.2). However, DTI acquisition parameter differ-

ences may affect PSMD results, and further validation is

required through larger longitudinal studies.33

We found that in older groups (ONC and LOAD),

increased PSMD was due to WMH, ePVS-BG, and amy-

loid SUVR, while in the younger group (YNC and

EOAD), only WMH contributed to PSMD. The contri-

bution of amyloid burden to increased PSMD in older

groups may be due to Wallerian degeneration secondary

to AD pathologies on the cortex.34 In addition, PSMD

may also indicate the presence of cerebral amyloid

angiopathy (CAA), a common age-related CSVD charac-

terized by the accumulation of Ab in the walls of corti-

cal arterioles and leptomeningeal vessels.35,36 PSMD is

strongly correlated with cognitive function compared to

WMH. Therefore, the factors that contribute to an

increase in PSMD may include WMH and “invisible

CSVD,” such as CAA.16,19 Therefore, it is inferred that

the contributing factors to PSMD increase may be

WMH and some “invisible CSVD.” However, future

studies need to test these hypotheses using higher-

resolution neuroimaging techniques.

We investigated how CSVD impacts cognition and

found that it played a significant role in the cognitive

profile of EOAD patients, despite their less severe CSVD

than LOAD patients—specifically, in younger groups,

PSMD, hippocampal volume, and p-tau181 independently

contributed to cognition. In comparison, in older groups,

hippocampal volume and amyloid SUVR contributed to

cognition, with no effect of PSMD. These findings were

validated in pathologically defined subgroups. Therefore,

we hypothesized that CSVD in EOAD might be more

likely an independent risk factor for cognitive impairment

rather than a secondary change related to AD pathology.

Taking a step further, it can be inferred that CSVD is typ-

ically milder in younger individuals but may result in

more severe cognitive impairment if it develops at a

younger age.

Conversely, our study found that in older individuals

(ONC and LOAD), hippocampus volume, amyloid SUVR

had a greater impact on global cognition than PSMD,

supporting the AD biological research framework, which

suggests that amyloid accumulation leads to neurodegen-

erative changes and gradual cognitive decline.37 CSVD-

related histological lesions are thought to be caused by

various mechanisms, such as blood–brain barrier dysfunc-

tion or impaired glymphatic clearance.38–40 In older indi-

viduals, increased CSVD is likely a secondary effect of AD

pathology, and the effects of CSVD on cognition may be

overridden by AD pathology.41,42 Although we found that

PSMD contributed to cognition in both younger and

older groups in the ZJU database, which lacked amyloid

PET and p-tau181 data, this result should be interpreted

with caution.

Our study revealed that in EOAD patients, frontal

PSMD contributed to global cognition, memory, and

language function, while occipital PSMD contributed to

visuospatial function. This suggests that CSVD may dis-

rupt intracerebral connectivity, leading to cognitive

impairment. A previous study also showed a correlation

between WMH burden and executive decline via the

frontal–parietal-subcortical circuit.43 Damage to the pos-

terior white matter may significantly contribute to

visuospatial dysfunction in CSVD patients.44 Our results

suggest that CSVD may play a role in the extensive cog-

nitive impairment mechanism of EOAD, highlighting

the importance of vascular protection strategies in youn-

ger AD patients and normal aging. Temporal PSMD

was associated with overall cognition in LOAD patients,

possibly due to atrophy and AD pathology in the tem-

poral lobe.8,45 This is consistent with previous studies

suggesting that increased PSMD in older people could

be a secondary consequence.41,42 However, due to multi-

collinearity issues, caution should be exercised when

interpreting these results.

Our study has some limitations. Firstly, the small sam-

ple size of EOAD patients is a significant limitation, as

the ADNI project was not designed for EOAD research.

Although more EOAD patients are in the ZJU database,

the lack of AD pathology measurements limits the statisti-

cal power. Second, this study did not strictly screen par-

ticipants using the ATN AD research framework, but we

performed subgroup analyses of A + AD patients and A-

controls (Supplementary Material 2). The main reason is

that plasma p-tau181 lacks validated large sample-based

cutoff values yet, and the current N+ assessment criteria

do not apply to EOAD patients because the EOAD brain

atrophy pattern differs from LOAD.46 Additionally,

although we included all four significant MRI-based

CSVD markers, some could not be evaluated due to

image quality limitations, such as microinfarcts. Lastly,
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our study was cross-sectional in design, and further vali-

dation in a longitudinal database is necessary.

Acknowledgements

The authors would like to express their sincere gratitude

to the patients, researchers, and clinicians who have con-

tributed to the advancement of scientific knowledge

through the ADNI and ZJU databases. Their willingness

to contribute their time and personal information has

been essential in furthering our understanding of Alzhei-

mer’s disease and related neurodegenerative disorders.

Author Contributions

Conception and design: Xiao Luo and Hui Hong. Data

analysis: Kaicheng Li, Qingze Zeng, Shuyue Wang, and

Yeerfan Jiaerken. Interpretation of results: Zheyu Li, Yanv

Fu, Xiaocao Liu, Luwei Hong, Jixuan Li, Xinyi Zhang,

and Siyan Zhong. Writing—original draft: Xiao Luo and

Hui Hong. Writing—review & editing: Minming Zhang,

Peiyu Huang, Yanxing Chen, and Zhirong Liu.

Funding Information

This study was funded by the National Natural Science

Foundation of China (Grant NO. 82271936, 81901707,

82202090), Zhejiang Medicine Health Science and Tech-

nology Program (Grant NO. 2021432939). Zhejiang TCM

Youth Talent Fund project (2022ZQ057).

Conflict of Interest

The authors declare that they have no conflicts of interest.

Ethics Approval and Consent to
Participate

The Institutional Review Boards approved the ADNI pro-

ject of all participating institutions, and all participants

provided written informed consent. The study was also

approved by the Medical Ethics Committee of the Second

Affiliated Hospital, Zhejiang University School of Medi-

cine. In addition, all participants in the ZJU database pro-

vided informed consent.

Consent for Publication

All participants provided written informed consent for

their anonymous information to be used for health-

related research purposes and publication of the results.

References

1. Zhu XC, Tan L, Wang HF, et al. Rate of early onset

Alzheimer’s disease: a systematic review and meta-analysis.

Ann Transl Med. 2015;3(3):38.

2. Joubert S, Gour N, Guedj E, et al. Early-onset and late-

onset Alzheimer’s disease are associated with distinct

patterns of memory impairment. Cortex. 2016;74:217-232.

3. van Vliet D, de Vugt ME, Bakker C, et al. Time to

diagnosis in young-onset dementia as compared with late-

onset dementia. Psychol Med. 2013;43(2):423-432.

4. Cho H, Jeon S, Kang SJ, et al. Longitudinal changes of

cortical thickness in early- versus late-onset Alzheimer’s

disease. Neurobiol Aging. 2013;34(7):1921.e9-1921.e15.

5. Migliaccio R, Agosta F, Possin KL, et al. Mapping the

progression of atrophy in early- and late-onset Alzheimer’s

disease. J Alzheimers Dis. 2015;46(2):351-364.

6. Canu E, Agosta F, Spinelli EG, et al. White matter

microstructural damage in Alzheimer’s disease at

different ages of onset. Neurobiol Aging. 2013;34

(10):2331-2340.

7. Choo IH, Lee DY, Kim JW, et al. Relationship of

amyloid-b burden with age-at-onset in Alzheimer disease.

Am J Geriatr Psychiatry. 2011;19(7):627-634.

8. Cho H, Choi JY, Lee SH, et al. Excessive tau accumulation

in the parieto-occipital cortex characterizes early-onset

Alzheimer’s disease. Neurobiol Aging. 2017;53:103-111.

9. Pasquier F, Boulogne A, Leys D, Fontaine P. Diabetes

mellitus and dementia. Diabetes Metab. 2006;32(5 Pt

1):403-414.

10. Kapasi A, DeCarli C, Schneider JA. Impact of multiple

pathologies on the threshold for clinically overt dementia.

Acta Neuropathol. 2017;134(2):171-186.

11. Toledo JB, Arnold SE, Raible K, et al. Contribution of

cerebrovascular disease in autopsy confirmed

neurodegenerative disease cases in the National

Alzheimer’s coordinating Centre. Brain. 2013;136(Pt

9):2697-2706.

12. Prins ND, Scheltens P. White matter hyperintensities,

cognitive impairment and dementia: an update. Nat Rev

Neurol. 2015;11(3):157-165.

13. Debette S, Markus HS. The clinical importance of white

matter hyperintensities on brain magnetic resonance

imaging: systematic review and meta-analysis. BMJ.

2010;341:c3666.

14. Pantoni L. Cerebral small vessel disease: from pathogenesis

and clinical characteristics to therapeutic challenges.

Lancet Neurol. 2010;9(7):689-701.

15. Wardlaw JM, Smith EE, Biessels GJ, et al. Neuroimaging

standards for research into small vessel disease and its

contribution to ageing and neurodegeneration. Lancet

Neurol. 2013;12(8):822-838.

16. Baykara E, Gesierich B, Adam R, et al. A novel imaging

marker for small vessel disease based on skeletonization of

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1335

X. Luo et al. Cerebral Small Vessel Disease in AD Subtypes



white matter tracts and diffusion histograms. Ann Neurol.

2016;80(4):581-592.

17. Low A, Mak E, Stefaniak JD, et al. Peak width of

skeletonized mean diffusivity as a marker of diffuse

cerebrovascular damage. Front Neurosci. 2020;14:238.

18. Wei N, Deng Y, Yao L, et al. A neuroimaging marker

based on diffusion tensor imaging and cognitive

impairment due to cerebral white matter lesions. Front

Neurol. 2019;10:81.

19. Deary IJ, Ritchie SJ, Mu~noz Maniega S, et al. Brain peak

width of skeletonized mean diffusivity (PSMD) and

cognitive function in later life. Front Psych. 2019;10:524.

20. Lam BYK, Leung KT, Yiu B, et al. Peak width of

skeletonized mean diffusivity and its association with age-

related cognitive alterations and vascular risk factors.

Alzheimers Dement (Amst). 2019;11:721-729.

21. Landau SM, Lu M, Joshi AD, et al. Comparing positron

emission tomography imaging and cerebrospinal fluid

measurements of b-amyloid. Ann Neurol. 2013;74

(6):826-836.

22. Landau SM, Mintun MA, Joshi AD, et al. Amyloid

deposition, hypometabolism, and longitudinal cognitive

decline. Ann Neurol. 2012;72(4):578-586.

23. Mielke MM, Hagen CE, Xu J, et al. Plasma phospho-

tau181 increases with Alzheimer’s disease clinical severity

and is associated with tau- and amyloid-positron emission

tomography. Alzheimers Dement. 2018;14(8):989-997.

24. Karikari TK, Pascoal TA, Ashton NJ, et al. Blood

phosphorylated tau 181 as a biomarker for Alzheimer’s

disease: a diagnostic performance and prediction

modelling study using data from four prospective cohorts.

Lancet Neurol. 2020;19(5):422-433.

25. Andersson JLR, Sotiropoulos SN. An integrated approach

to correction for off-resonance effects and subject

movement in diffusion MR imaging. Neuroimage.

2016;125:1063-1078.

26. Schwarz C, Gunter J, Ward C, et al. The Mayo clinic adult

lifespan template: better quantification across the lifespan.

Alzheimer’s Dement J Alzheimer Assoc. 2018;13:P792.

27. Luo X, Jiaerken Y, Yu X, et al. Associations between

APOE genotype and cerebral small-vessel disease: a

longitudinal study. Oncotarget. 2017;8(27):44477-44489.

28. Staals J, Makin SD, Doubal FN, Dennis MS, Wardlaw JM.

Stroke subtype, vascular risk factors, and total MRI brain

small-vessel disease burden. Neurology. 2014;83

(14):1228-1234.

29. Schmidt P, Gaser C, Arsic M, et al. An automated tool for

detection of FLAIR-hyperintense white-matter lesions in

multiple sclerosis. Neuroimage. 2012;59(4):3774-3783.

30. Opfer R, Kr€uger J, Spies L, Kitzler HH, Schippling S,

Buchert R. Single-subject analysis of regional brain

volumetric measures can be strongly influenced by the

method for head size adjustment. Neuroradiology. 2022;64

(10):2001-2009.

31. Hu H-Y, Ou Y-N, Shen X-N, et al. White matter

hyperintensities and risks of cognitive impairment and

dementia: a systematic review and meta-analysis of 36

prospective studies. Neuroscience & Biobehavioral

Reviews. 2021;120:16-27.

32. Jorgensen DR, Shaaban CE, Wiley CA, Gianaros PJ,

Mettenburg J, Rosano C. A population neuroscience

approach to the study of cerebral small vessel disease in

midlife and late life: an invited review. Am J Physiol Heart

Circ Physiol. 2018;314(6):H1117-h36.

33. Maillard P, Lu H, Arfanakis K, et al. Instrumental

validation of free water, peak-width of skeletonized

mean diffusivity, and white matter hyperintensities:

MarkVCID neuroimaging kits. Alzheimer’s & Dementia:

Diagnosis, Assessment & Disease Monitoring. 2022;14(1):

e12261.

34. McAleese KE, Walker L, Graham S, et al. Parietal white

matter lesions in Alzheimer’s disease are associated with

cortical neurodegenerative pathology, but not with small

vessel disease. Acta Neuropathol. 2017;134(3):459-473.

35. Smith EE. Cerebral amyloid angiopathy as a cause of

neurodegeneration. J Neurochem. 2018;144(5):651-658.

36. Raposo N, Zotin MZ, Schoemaker D, et al. Peak width of

skeletonized mean diffusivity as neuroimaging biomarker

in cerebral amyloid angiopathy. Am J Neuroradiol.

2021;42(5):875-881.

37. Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA

research framework: toward a biological definition of

Alzheimer’s disease. Alzheimers Dement. 2018;14

(4):535-562.

38. Poggesi A, Pasi M, Pescini F, Pantoni L, Inzitari D.

Circulating biologic markers of endothelial dysfunction in

cerebral small vessel disease: a review. Journal of Cerebral

Blood Flow & Metabolism. 2016;36(1):72-94.

39. Benveniste H, Nedergaard M. Cerebral small vessel disease:

a glymphopathy? Curr Opin Neurobiol. 2022;72:15-21.

40. Wardlaw JM, Smith C, Dichgans M. Small vessel disease:

mechanisms and clinical implications. The Lancet

Neurology. 2019;18(7):684-696.

41. McAleese KE, Firbank M, Dey M, et al. Cortical tau load

is associated with white matter hyperintensities. Acta

Neuropathol Commun. 2015;3(1):1-11.

42. Roseborough A, Ramirez J, Black SE, Edwards JD.

Associations between amyloid b and white matter

hyperintensities: a systematic review. Alzheimers Dement.

2017;13(10):1154-1167.

43. Jacobs HI, Visser PJ, Van Boxtel MP, et al. The

association between white matter hyperintensities and

executive decline in mild cognitive impairment is network

dependent. Neurobiol Aging. 2012;33(1):201.e1-201.e8.

44. Su Y, Fu J, Zhang Y, Xu J, Dong Q, Cheng X. Visuospatial

dysfunction is associated with posterior distribution of

white matter damage in non-demented cerebral amyloid

angiopathy. Eur J Neurol. 2021;28(9):3113-3120.

1336 ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

Cerebral Small Vessel Disease in AD Subtypes X. Luo et al.



45. Frisoni GB, Pievani M, Testa C, et al. The topography of

grey matter involvement in early and late onset

Alzheimer’s disease. Brain. 2007;130(3):720-730.

46. Jack CR, Wiste HJ, Therneau TM, Weigand SD, Petersen

RC. Associations of amyloid, tau, and neurodegeneration

biomarker profiles with rates of memory decline among

individuals without dementia. JAMA. 2019;321

(23):2316-2325.

Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Supplementary Material 1.

ª 2023 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1337

X. Luo et al. Cerebral Small Vessel Disease in AD Subtypes


	 Abstract
	 Introduction
	 Materials and Methods
	 Participants
	 MRI acquisition
	 Amyloid PET
	 Plasma �p-tau�181
	 Image processing and analysis
	 Peak width of skeletonized mean diffusivity analysis

	acn351824-fig-0001
	 Conventional CSVD markers evaluation
	 WMH volume calculation
	 Hippocampus (HV) and total intracranial volume (TIV)

	 Statistical analysis
	 Explore the factors contributing to PSMD
	 Explore the age effects on the relationship between PSMD and cognitions


	 Results
	 Demographics
	 AD pathologies
	 Conventional CSVD
	 PSMD
	 Correlations between PSMD, AD pathologies, and cognition
	 Explore the contributing factors of PSMD
	 Relationship between PSMD and cognitions
	acn351824-fig-0002

	 Discussion
	acn351824-fig-0003

	 Acknowledgements
	 Author Contributions
	 Funding Information
	 Conflict of Interest
	 Ethics Approval and Consent to Participate
	 Consent for Publication
	 References
	acn351824-bib-0001
	acn351824-bib-0002
	acn351824-bib-0003
	acn351824-bib-0004
	acn351824-bib-0005
	acn351824-bib-0006
	acn351824-bib-0007
	acn351824-bib-0008
	acn351824-bib-0009
	acn351824-bib-0010
	acn351824-bib-0011
	acn351824-bib-0012
	acn351824-bib-0013
	acn351824-bib-0014
	acn351824-bib-0015
	acn351824-bib-0016
	acn351824-bib-0017
	acn351824-bib-0018
	acn351824-bib-0019
	acn351824-bib-0020
	acn351824-bib-0021
	acn351824-bib-0022
	acn351824-bib-0023
	acn351824-bib-0024
	acn351824-bib-0025
	acn351824-bib-0026
	acn351824-bib-0027
	acn351824-bib-0028
	acn351824-bib-0029
	acn351824-bib-0030
	acn351824-bib-0031
	acn351824-bib-0032
	acn351824-bib-0033
	acn351824-bib-0034
	acn351824-bib-0035
	acn351824-bib-0036
	acn351824-bib-0037
	acn351824-bib-0038
	acn351824-bib-0039
	acn351824-bib-0040
	acn351824-bib-0041
	acn351824-bib-0042
	acn351824-bib-0043
	acn351824-bib-0044
	acn351824-bib-0045
	acn351824-bib-0046

	acn351824-supitem

